A new reagent for the chromogenic Limulus amebocyte lysate (LAL) assay is described. LAL was formulated for optimal performance in either an endpoint procedure or a kinetic procedure with the chromogenic substrate,,buffer, ahd LÀL components colyophilized as a single reagent. The kinetic chromogenic method required an incubating microplate reader coupled to a computer for collection and analysis of data. The kinetic method had a longer incubation time than the endpoint method and spanned a range of over 3 orders of magnitude compared with the 1-order-of-magnitude rânge of the endpoint assay. The kinetic method was less subject to operator error, since readings were continuous and automatic. The endpoint test was more operator intensive, requiring both addition of acetic atid to stop the reaction and transfer of the sample to thé reading device. A single-step chromogenic reagent was also prepared without lyophilization by mixing reconstituted gel clot LAL with a buffer and a chromogenic substrate. The reagent prepared in this manner performed as well as the colyophilied agent.
Since the first chromogenic application of the Limulus amebocyte lysate (LAL) test was described in 1977 (8) , numerous modifications of the technique have appeared in the literature (1-5, 8, 10, 11, 13, 16, 17) . These have all been endpoint methods which involve addition of multiple reagents. The LAL enzymatic cascade is activated by endotoxin at pH 6.0 to 7.5, the amount of activated enzyme present is measured by its ability to cleave a chromogenic substrate at pH 8.0 to 9.0, and the reaction is stopped by addition of acetic acid. One method (2) used kinetics of color formation to quantify endotoxin. However, monitoring the kinetics of color development after the endôtoxin activation of the LAL enzyme system offers no advantage over the other endpoint methods, since these methods have already been optimized for color formation (3) .
The first true kinetic chromogenic LAL method described (17) monitored changes in absorbance over 60 min. However, this method was useful only with low endotoxin concentrations, and the researchers could demonstrate no advantage over the kinetic turbidimetric method. All previously described endpoint chromogenic methods, as well as endpoint tùrbidimetric methods (15) , have ranges of detection limited to little more than 1 order of magnitude. By contrast, the kinetic turbidimetric method successfully used the kinetics of endotoxin activation of the LAL enzymatic cascade (measured as turbidity) to increase the range of detection to 5 brders of magnitude (6, 7, 9, 12 
RESULTS
Endpoint method with chromogenic LAL reagent. For the endpoint method, the endotoxin and LAL reagent were incubated for 45 min. A standard curve was generated by plotting the optical density against the endotoxin concentration (Fig. 1) . The parameters of the fine were a slope of 1.0462, a y intercept of -0.0347, and an r value of 0.9992. A slope ranging between 0.5 and 1.5 and an r value greater than 0.98 for standards from 0.125 to 1.0 EU/ml are in accord with the guidelines of the Food and Drug Administration.
Reproducibility. The reproducibility of this LAL, both vial to vial and intravial, yielded coefficients of variation of 12% or lower. The average of 20 standard curves from 20 vials is outlined in Table 1 . All tests were performed with the same endotoxin dilutions on the same day.
Ten standard curves were run with the same pooled batch of LAL to determine intravial reproducibility. The coeffi- These data can be plotted as the optical density of a single endotoxin concentration with time (Fig. 2) . While the optical density increased slightly with time, the change was not great and there was no pronounced rise or fall in the first 3 h of the test.
Sensitivity. The sensitivity or the detection limit of the method depends on both the time required to activate the enzyme and the time allowed for color development of the substrate. With the single-reagent test, the lowest concentration of endotoxin used was 0.125 EU/ml, and this was detected in 45 min.
Endpoint method with multiple reagents. With a multiplereagent chromogenic method in which the enzyme is activated by LAL in the first step and color is developed after addition of the buffer and the substrate in the second step, the sensitivity can be increased to 0.0005 EU/ml by increasing the incubation time. A test with endotoxin standards ranging from 1.0 to 0.125 EU/ml required 15 min for the first step and 3 min for the second. When the time allowed for step 1 was increased to 45 min and 3 min was maintained for the second step, the sensitivity was increased to 0.01 EU/ml. With initial incubation for 60 min and 5 min for color development, the sensitivity was increased to 0.05 pg/ml or 0.0005 EU/ml (Fig. 3) .
Kinetic method with chromogenic LAL reagent. In the kinetic chromogenic assay, the increase in A405 was plotted against time for a range of endotoxin concentrations (Fig. 4) . These curves were distinct from one another, and while the base line or negative control had a constant rise, it was easily separable from the 0.03-EU/ml endotoxin concentration.
The standard line (Fig. 5) buffer. For Fig. 6 , the increase in optical density with time was plotted for each endotoxin concentration. While the base line has an upward drift, the curves generated were distinct from each other and the background. The standard line had a slope of -0.163, a y intercept of 1.802, and a correlation coefficient of 0.9939. Replicates of unknowns measured with this standard are shown in Table 2 .
DISCUSSION
A number of drawbacks to the LAL assay remain, despite numerous modifications designed to improve quantitation, sensitivity, speed, and precision. Foremost among these is the limited range of sensitivity (about 1 order of magnitude) with either the turbidimetric or the chromogenic fixed incubation time (endpoint) method. A second drawback to endpoint methods is the requirement that an operator must end or read the reaction at a precise time. In the chromogenic test, acid must be added to stop the test. The optical density can be read in a spectrophotometer at any time thereafter. In the endpoint turbidimetric method, the reaction cannot be stopped without destroying the turbidity but must be read immediately after a specific incubation period.
The kinetic turbidimetric LAL assay provided several improvements over endpoint methodology. Since the kinetic turbidimetric method used a single reagent and did not require operator attention after initiation of the test, preci- (9, 12) , but these methods are available only on specialized optical readers. In addition, some products must be diluted to be assayed with the kinetic turbidimetric method.
In an attempt to resolve some of the problems associated with both the endpoint and kinetic turbidimetric methods, a kinetic chromogenic method was devised. Because of different reaction optima for the endotoxin-LAL activation step and the LAL-chromogenic substrate reaction, a previous attempt using a kinetic chromogenic method met with limited success (17) . These researchers suggested that the method was not successful because there was competition between the chromogenic substrate and coagulogen for the activated enzyme. In the system described here, a single LAL formulation was found which permitted both an endpoint test and a kinetic test.
To check whether turbidity development interfered with the chromogenic readings, absorbance was remeasured after addition of 0.05 ml of 50% acetic acid immediately after the final reading was taken during a chromogenic kinetic test. Although slightly lower readings were obtained, the slight turbidity represents only minor interference with the test results (data not shown).
In our comparison of the endpoint and kinetic chromogenic methods, the linearity of standard lines was equally good. When the equations of these standard lines were used to calculate replicate unknown samples, the resulting coefficients of variations were all lower than 10%. Similar samples tested with a kinetic turbidimetric assay were as good or better (data not shown).
The sensitivity of the endpoint method using the chromogenic LAL reagent is adequate for water samples, and the method can detect 0.125 EU/ml with a 45-min incubation period. This long incubation period can be attributed to the pH of the lysate and some inhibition of the cascade by the substrate (data not shown). The pH of the chromogenic LAL reagent is 8.5, which is not optimal for either the enzyme cascade or substrate cleavage but permits both reactions. The kinetic method using the single reagent is more sensitive than the endpoint method using the chromogenic LAL reagent and can detect 0.03 EU/ml in 60 min. The sensitivity of a chromogenic endpoint method can be increased by using multiple reagents and providing an optimal pH for both the cascade and the substrate reaction. The endpoint test with multiple reagents detected 0.125 EU/ml in 15 min and as little as 0.0005 EU/ml if incubated for 60 min and allowed to react with the substrate for 5 min.
One major drawback to colyophilized reagents is a tendency to form insoluble complexes or at least powders that are difficult to solubilize. For our combined lyophilized reagent, brief sonication was required to effect complete solution. Without sonication, variable results were obtained. This solubility problem can be avoided by using the gel clot-chromogenic reagent prepared by mixing gel clot LAL, a buffer, and a chromogenic substrate in the correct proportions. This reagent, which can be used for both endpoint and kinetic methods, is clear and well dispersed. This type of single-step chromogenic reagent has been used with variable success in other endpoint methods with different chromogenic substrates (1, 4, 11) .
In conclusion, while both kinetic and endpoint tests were successfully performed with the chromogenic LAL reagent, all of the expected advantages of a kinetic chromogenic method over the kinetic turbidimetric method were not realized. The base line in the kinetic chromogenic method rises during the 60-min test, limiting resolution to 0.03 EU/ml. The chromogenic LAL reagent is a complicated formulation which requires sonication for even dispersion and is stable for only 3 h after reconstitution.
On the other hand, kinetic methods, either turbidimetric or chromogenic, have definite advantages over endpoint methods. These include extended range and sensitivity, precision, ease of operation, and less operator involvement. Further work is in progress to develop a more advantageous single-step chromogenic LAL reagent.
